sperm lack a metalloprotease domain, and (ii) the smallest functional snake venom disintegrins consist only of Cellular Biochemistry and Biophysics Program a disintegrin domain (see Figure 1 ). Many short snake Memorial Sloan-Kettering Cancer Center venom disintegrins contain the integrin ligand sequence New York, New York 10021 RGD in a hairpin loop structure, which is a favorable conformation for high affinity binding to the platelet integrin ␣IIb␤3. Because all but one of the presently known In the short history of the field of metalloprotease-disin-MDC proteins do not contain an RGD sequence in their tegrin proteins, several fascinating and remarkably difdisintegrin domain, the sequence found in lieu of the ferent paths of inquiry have converged on the discovery snake venom RGD in MDC proteins has been proposed of new members of this protein family. About eight years to act as an integrin binding sequence (Blobel et al., ago, purification of a potent anticoagulant toxin and 1992; Wolfsberg and White, 1996) . The first support for high-affinity integrin ligand from snake venom yielded this hypothesis came from a study in which a peptide the first sequence of a soluble disintegrin protein (Huang corresponding to the predicted binding sequence of et al., 1989). A few years later, purification and cloning guinea pig fertilin ␤ was shown to inhibit fertilization in of the heterodimeric sperm protein fertilin, which had a concentration-dependent manner, whereas a scrampreviously been implicated in sperm-egg fusion, rebled control peptide did not (Myles et al., 1994) . These vealed that both subunits are membrane-anchored results were later reproduced in mice, suggesting that metalloprotease-disintegrins (see Blobel et al., 1992; fertilin ␤ might indeed be involved in fertilization by bindWolfsberg and White, 1996; and references therein).
Figure 1. Models of a Typical Membrane-Anchored Metalloprotease-Disintegrin and Examples of Known or Predicted Functions of Disintegrin and/or Metalloprotease Domains
(A) Domain organization of a typical membrane-anchored metalloprotease-disintegrin protein. The prodomain is modeled as an inhibitor for the metalloprotease (presumably via a cysteine-switch mechanism). The putative binding site is the sequence found in lieu of the snake venom RGD, including an additional cysteine residue (see Wolfsberg and White, 1996 , for details). (B) A soluble snake venom disintegrin is shown binding to an integrin. Snake venom may also contain larger proteins with a linked metalloprotease-, disintegrin-, and cysteine-rich domain. (C) Mature sperm fertilin ␤ most likely binds to an integrin on the egg. The noncatalytic metalloprotease domain is removed during sperm maturation. (D) Model of TACE acting in cis to cleave membrane-anchored TNF␣. (E) The combination of different protein modules in MDC proteins suggests a number of hypothetical possibilities for cooperation between these modules. One possibility is shown: targeting of the metalloprotease domain to another cell in trans via the disintegrin-domain. Other modules, such as the cysteine-rich domain or EGF repeat, may also target the metalloprotease directly or indirectly to its substrate.
breakthroughs have now linked the metalloprotease acin the expression of a mutant protein that could conceivably function as a dominant negative, or have other tivity of different MDC proteins to critical physiological functions. The first was the report that TACE, which epigenetic effects. Nonetheless, the independent isolation of the same protein as the TNF␣-converting metallowas independently identified by two groups, is an MDC protein (Black et al., 1997; Moss et al., 1997) . The second protease by two different groups, and the controls for specificity outlined above, provide very compelling is that Drosophila KUZ apparently is responsible for a cleavage in the extracellular domain of Notch, which evidence that TACE is indeed the protease that processes TNF␣. can explain how KUZ functions in lateral inhibition (Pan and Rubin, 1997; see below) .
These findings immediately raise the intriguing question of whether other MDC proteins besides TACE are Interest in TACE has been fueled in part by the desire to block the release of the membrane-anchored proininvolved in protein ectodomain shedding. Currently a number of proteins are known to be released from the flammatory cytokine TNF␣ from the plasma membrane with protease inhibitors, which might be useful to treat plasma membrane by yet-to-be-identified membraneanchored metalloproteases. These proteins include cyhuman diseases such as rheumathoid arthritis, cachexia, and Crohn's disease. Both Moss et al. (1997) tokines such as the kit-ligand, TGF␣, Fas-ligand, cytokine receptors such as the IL-6 receptor and the NGF and Black et al. (1997) used a peptide cleavage assay and a TNF␣ conversion assay to monitor purification of receptor, as well as adhesion proteins such as L-selectin, and the ␤ amyloid precursor protein (see Arribas et TACE, and ultimately cloned the same metalloproteasedisintegrin gene. To confirm the identity of the cloned al., 1996; Black et al., 1997; Hooper et al., 1997; Moss et al., 1997; and references therein) . In a remarkable gene, Moss et al. (1997) demonstrated that the expressed metalloprotease was able to process a TNF␣ experiment that shows just how prevalent protein ectodomain shedding is, Arribas et al. (1996) have demonpeptide correctly and had a comparable protease inhibitor spectrum and specificity constants as the native strated that metalloprotease activities on CHO cells release a number of cell surface proteins ranging from 30 enzyme. Black et al. (1997) generated chimeric mice with an embryonic stem cell line that was homozygous to 200 kDa when they are stimulated with PMA. Arribas et al. have also isolated two mutant CHO cell lines that for a mutant mouse TACE and showed that mutant T cells, isolated with a cell sorter, lacked the metalloprohave a general defect in this PMA-triggered protein ectodomain shedding, but no other detectable defects, such tease activity that releases TNF␣. It should be noted that only the exon carrying the catalytic site was deleted as in protein secretion or maturation of membrane proteins, or in PKC-dependent phosphorylation. Cell fuin the TACE mutant stem cell line. This will clearly abolish the metalloprotease activity of TACE but may also result sions between the two mutant cell lines do not rescue the shedding defect, whereas fusion of each cell line even the subcellular localization that it is expressed in. The Drosophila metalloprotease-disintegrin KUZ, which with wild-type cells does, leading the authors to hypothesize that the defect is in a factor that is required for is currently the only MDC protein for which a mutant phenotype has been reported, is required in the early protein ectodomain shedding in general.
Based on the identification of TACE, membraneembryo for neural inhibition, and is later involved in eye development, neural-promoting and -inhibiting proanchored MDC proteins with a metalloprotease consensus sequence are the best candidate proteins for the cesses (Rooke et al., 1996) , and axon extension (Fambrough et al., 1996) . A fascinating indication for a potenrole of protein ectodomain sheddases. While the defect of the mutant cell lines is currently not clear, it is intrigutially distinct mechanism of the neural promoting and inhibiting activity mediated by KUZ is described by ing to consider what the nature of this factor might be. Two possibilities are a protease that is necessary to Rooke et al. (1996) . In the cuticle of adult mosaic Drosophila, clusters of sensory bristles appear at the activate protein ectodomain sheddases or a protein which is in a pathway that regulates the activity of these boundary of kuz Ϫ and wildtype cells instead of the single sensory bristle that normally develops, whereas no senmetalloproteases. Several MDC proteins contain cytoplasmic signaling motifs such as PKC phosphorylation sory bristles are found in the interior of a mutant cell patch. Apparently a non-cell-autonomous neural-prosites and SH3 ligand domains (Weskamp et al., 1996; Wolfsberg and White, 1996) resulting in the formation of additional bristles only at the boundary of the mutant cell patch. Why are such functionally distinct protein modules as a metalloprotease domain and a disintegrin domain Pan and Rubin (1997) have now provided strong genetic and biochemical evidence that the lateral inhibition combined in MDC proteins? With respect to the metalloprotease functions, one possibility is that the disintegrin mediated by KUZ involves a specific cleavage event in the extracellular domain of the transmembrane receptor domain might be used to target the metalloprotease to another cell in trans via an integrin (see Figure 1) . Notch. Cleavage of Notch receptors in the extracellular domain appears to be an evolutionarily conserved feaAlternatively, the disintegrin domain, or other protein domains such as the EGF repeat or cysteine-rich region, ture, and the subcellular location of human Notch2 processing has been narrowed down to the trans-Golgi might be used to increase the efficiency of the protease by binding the substrate directly or indirectly in cis or network (Blaumueller et al., 1997) . Processing of the full-length ‫003ف‬ kDa human Notch2 yields a 110 kDa in trans. It is also possible that removal of the metalloprotease domain may be used to regulate the function of the fragment containing the transmembrane domain and cytoplasmic tail, and a disulfide-linked 180 kDa fragment disintegrin domain, as suggested by two independent studies. In sperm fertilin ␤, removal of the noncatalytic that most likely corresponds to the extracellular domain. Cell surface labeling experiments indicate that only metalloprotease-domain during sperm maturation correlates with the acquisition of fertilization competence cleaved but not full-length Notch2 emerges on the cell surface. The cleaved 110 kDa membrane-anchored fragand exposes an epitope that is recognized by a functionblocking monoclonal antibody. For meltrin ␣, which ment of human Notch2 resembles the ‫001ف‬ kDa processed form of Drosophila Notch. Since the ‫001ف‬ kDa plays a role in muscle fusion, overexpression of a truncated form of the protein lacking the metalloprotease form of Notch is not detectable in kuz Ϫ embryos, Pan and Rubin (1997) propose that KUZ mediates the extradomain leads to an increase in muscle fusion, whereas overexpression of the full-length protein leads to a decellular cleavage of Notch and that this cleavage is necessary for Notch to mediate lateral inhibition. Taken tocrease in the observed fusion (Yagami-Hiromasa et al., 1995) . Since only a small percentage of the detectable gether, the two papers support a model where KUZ or its mammalian homolog MDC/ADAM10 is responsible meltrin ␣ lacks the metalloprotease domain in C2C12 mouse myoblasts, one interesting possibility is that only for maturation and functional activation of Notch receptors in the secretory pathway (Blaumueller et al., 1997 ; this small pool of processed protein may promote muscle cell binding and fusion. MDC proteins have been Pan and Rubin, 1997) . It should be noted that the extracellular domain cleavage of Notch discussed here is proposed to mediate cell-cell fusion directly (see Wolfsberg and White, 1996 , for details), although it should be distinct from a putative cytoplasmic cleavage that might allow the cytoplasmic domain to enter the nucleus (Blaunoted that the studies that point toward a role of fertilin and meltrin ␣ in membrane fusion can also be explained mueller et al. , 1997) .
If the processing of Notch receptors is evolutionarily by simply invoking a critical binding step via the disintegrin domain that is a prerequisite for fusion to occur.
conserved, then one might expect the Notch processing protease to be functionally conserved as well. Indeed, The concepts of targeting the metalloprotease domain via the disintegrin domain and modulation of the Pan and Rubin (1997) show that expression of a mouse dominant negative KUZ lacking the metalloprotease dodisintegrin domain function by removal of the metalloprotease domain illustrate two of several conceivable main (KUZDN) in both Drosophila and Xenopus laevis results in an increased number of neurogenic cells, premeans of MDC protein regulation that are not necessarily mutually exclusive. Different MDC proteins may emsumably due to a lack of lateral inhibition. Furthermore, expression of a Drosophila KUZDN in Drosophila neuploy these protein modules in different ways, and any particular protein might also have distinct functions derons mimics the defect in axon extension reported by Fambrough et al. (1996) , confirming the idea that the pending on the stage of development, the tissue, or metalloprotease domain of KUZ, as opposed to other domains, is responsible for axon extension. The substrates of KUZ during axonal extension have not been identified but could be different from Notch, such as matrix proteins or cytokines.
In conclusion, it is clear that metalloprotease-disintegrins are involved in a remarkably diverse set of tasks, ranging from a role in fertilization and muscle fusion, TNF␣ release from the plasma membrane, intracellular cleavage and activation of Notch, and other essential functions in Drosophila development. The nature of these diverse tasks further suggests that MDC proteins may function at different subcellular locations, such as on the cell surface (fertilin, TACE?), or intracellularly in the secretory pathway (KUZ?). It seems likely that the proteins discussed here, and the more than 20 family members of presently unknown function, which have been found in organisms ranging from C. elegans to mammals (references can be found in Wolfsberg and White, 1996) will unveil further exciting secrets. Due to an increasing interest in MDC proteins, a better understanding should soon begin to emerge about the mechanism of MDC protein function, of the specific functions of different family members in development and disease, and of the interactions with other proteins that govern MDC protein activity.
